This paper proposed a high speed and a high accuracy measurement method for the cutting edge height of a rotary cutting tool with respect to the reference surface on the tool by using a laser triangulation displacement sensor. In the measurement, not only the displacement output but also the light intensity output of the laser displacement sensor, which corresponds to the intensities of the laser beam reflected from the cutting tool surface, are acquired when the laser displacement sensor scans across the cutting edge. To remove the influence of the width of the cutting edge, the cutting edge height is determined from the sensor displacement output when the sensor light intensity output reaches to the maximum. It has been confirmed by theoretical analysis, computer simulation and experiment that the proposed method is effective even when the width of the cutting edge is smaller than the diameter of the laser spot of the sensor.
Introduction
Machining of micrometer-scaled structures is of great interest in the fields of precision manufacturing and micro-manufacturing. Sharp-edged cutting tools with micrometer-scale cross-sectional shapes are widely used in such manufacturing processes. The geometric parameters of the cutting edge of the cutting tool, such as height and width, are important factors influencing the machining accuracy (1) . It is required to measure the geometric parameters of the tool cutting edge in a high speed and a high accuracy on the machine where the cutting edge is machined. A contact type displacement probe is often used to evaluate the cutting edge of a tool (2) .
However, the contact type displacement probe is not suitable for high speed measurement because of its low frequency bandwidth and the vibrations of the probe tip when contacting the tool cutting edge. There are also risks of damaging the cutting edge by the probe tip.
The edge profile of a cutting tool can also be measured by an atomic force microscope (AFM) (3) (4) . This method has extremely high resolutions. However, it is not easy to apply an AFM for on-machine measurement. Furthermore, the measurement area is limited by the small scan range of the AFM scanner. On the other hand, some researches, in which the cutting tool was measured by non-contact sensors such as CCD cameras or laser displacement sensors (5) - (8) , have been carried out. The non-contact sensor has the advantage of high speed measurement. However, it is difficult for the CCD camera to measure the cutting edge height although the cutting edge width can be well measured. It is also difficult for the laser displacement sensor to measure the cutting edge height when the cutting edge width is smaller than the diameter of the laser spot (9) .
This paper focuses on the measurement of the cutting edge height of a rotary cutting tool. A laser triangulation displacement sensor is employed to scan across the cutting edge. A new method is proposed for determination of the height of the cutting edge with respect to a reference surface on the tool. The measurement principle and the experimental results are presented. Figure 1 shows a schematic of the commercial laser triangulation displacement sensor used in this research. The specular laser triangulation sensor consists of a laser diode, a pair of lenses and a position sensitive detector (PSD) (10) . The laser beam which illuminates from the laser diode is projected on an object surface by Lens 1 with an incident angle α. The incident light is reflected from the surface with an equal angle of α. Then the reflected light is collected by Lens 2, and detected by the PSD. The distance variation ΔZ of the object surface along the Z-axis can be measured by calculating the displacement ΔP of the reflected light spot on the PSD according to the triangulation principle as follows (11) .
Principle of measurement
where ΔZ is the distance variation of the object surface, ΔP is the position change of the light spot on the PSD, f is the focal distance of Lens 2, d is the distance from the focal point of Lens 2 to the PSD.
The laser displacement sensor is suitable for high speed measurement because the laser sensor has a wide bandwidth and can make the measurement in a noncontact condition. Figures 2 and 3 show the schematic diagrams of the laser beam scanning on the reference surface and the cutting edge surface of the cutting tool, respectively.
As shown in Fig. 2 , the width of the reference surface is much larger than the diameter of the laser spot. When the laser displacement sensor scans across the reference surface, all of the light spot is reflected by the surface and the Z-directional position of the reference surface can be determined from the displacement output of the laser displacement sensor, which is defined in Eq. (1) .
On the other hand, as shown in Fig. 3 , the width of the cutting edge is typically smaller than the diameter of the laser spot. As the laser displacement sensor scans across the cutting edge, only a part of the laser spot is reflected from the top surface of the cutting edge. This could make the displacement output of the sensor to be different from the actual Z-position of the top surface of the cutting edge as shown in Fig. 3(a) . This is the reason the height information of the cutting edge cannot be obtained directly from the sensor displacement output. A new method is thus proposed to solve this problem. In this method, the light intensity output of the laser displacement sensor, which represents the light intensity of the laser light reflected back from the surface, is also acquired in parallel with the displacement output. As shown in Fig. 3(b) , when the center of laser spot is located at the center of the cutting edge top surface, the displacement output of the sensor would coincide with the actual Z-position of the surface. At that time, the light intensity output of the laser displacement sensor reaches to the maximum. Thus the height of the cutting edge can be determined from the displacement output when the light intensity output reaches to the maximum.
Computer simulation is carried out to evaluate the outputs of the laser displacement sensor when it scans across a cutting edge. The laser beam of the laser displacement sensor is assumed to have a Gaussian distribution. The light intensity distribution of the Gaussian beam along the X-axis (the major axis) can be expressed as (12) : 
where a is the length of the major axis. l0 is the peak value of the light intensity. Assuming that the laser spot has an elliptical shape in the XY plane, then the three-dimensional light intensity distribution of laser spot can be expressed as:
where b is the length of the minor axis .Under the ideal condition, the barycenter of the laser spot is expressed as follows:
where A is total area of the reflected laser spot. R is the area from the margin to the barycenter. The barycenter is determined by Eq. (4). A part of the laser beam, as shown in Eq. (3), is reflected from the cutting edge. The displacement output and the light intensity output were calculated when the laser displacement sensor scanned the cutting edge. In the simulation, the influence of the reflected light at the side surface of the cutting edge is not taken into consideration, and the width of edge is set to be 20 μm. Figure 4 shows the light intensity distribution of the light spot used in the simulation. Figure 5 shows the simulation result. As can be seen in the result, the displacement output of the sensor decreases linearly with respect to the displacement of the X-axis stage, which is different from the case when 
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Vol. 6, No. 6, 2012 the width of the cutting edge is larger than the diameter of the laser light spot. On the other hand, the light intensity output of the sensor shows a parabolic change. The Z-directional position of the cutting edge top, which corresponds to the height of the cutting edge with respect to the reference surface, is determined from the displacement output of the sensor when the light intensity output of the sensor reached to the maximum.
Experiments

Outputs of the displacement sensor when scanning across a cutting edge
Measurement experiments were carried out to confirm the characteristics of the displacement output and the light intensity output of the laser displacement sensor when the sensor scanned across a cutting edge.
At first, a pin gauge was used as the specimen instead of a cutting edge. The pin gauge was chosen owing to its well defined shape including a good roundness and a known diameter. Figure 6 shows a photograph of the experimental system for the pin gauge measurement. The diameter of the pin gauge was 150 μm. A commercial laser triangulation displacement sensor (LC-2420 by KEYENCE Co.) was employed in the experiment. The resolution and range of the sensor along the Z-direction were approximately 0.01 μm and 0.4 mm, respectively. The bandwidth of the sensor was 20 kHz. The sensor was mounted on an X-axis stage driven by a stepping motor. The minimum step was of 20 nm. The displacement sensor was moved by the X-axis stage so that the pin gauge could be scanned by the sensor. The scanning speed of the stage was 0.1 mm/s. Figure 7 shows the displacement output and the light intensity output of the laser displacement sensor during the scanning. It can be seen that the displacement output kept decreasing, while the light intensity output showed a parabolic change. The results are consistent with the theoretical explanation.
Next, a test piece, on which a cutting edge was formed, was employed as the specimen. The geometry of the cutting edge was similar to that of an actual rotary cutting tool. Figure  8(a) shows a photograph of the experimental setup for measurement of the test piece. The width of the cutting edge was 20 μm and the included edge angle was 60 degrees as shown in Fig. 8(b) . The test piece was mounted on the X-axis stage shown in Fig. 8 . The displacement sensor was kept stationary. The diameter of the laser spot was measured by the knife-edge method (13) . The diameter of the laser spot was measured to be 54 μm, which was larger than the width of the edge of the test piece. The test piece was moved by the X-axis stage to scan the edge of the test piece with the laser displacement sensor. The scanning speed of the stage was 0.1 mm/s. Figure 9 shows the outputs of the laser displacement sensor during the scanning. It can be seen that, similar to the results shown in Fig. 7 , the displacement output kept decreasing, while the light intensity output showed a parabolic change. 
Journal of Advanced Mechanical Design, Systems, and Manufacturing
In comparison with the simulation result shown in Fig. 5 , the measurement result indicates a similar tendency. The ratios of the sensor displacement output to the displacement applied by the X-axis stage were -0.76 and -0.72 for the experimental result and the simulation result, respectively. These results have verified the feasibility of the proposed method for measurement of the Z-directional position of the top of the edge surface, which has a width smaller than the diameter of the light spot of the laser displacement sensor. 
Vol. 6, No. 6, 2012 The agreement of the simulation results with the experimental results indicated the feasibility of the theoretical analysis shown in Section 2. When the width of the cutting edge is smaller than the size of the laser spot of the displacement sensor, the displacement output of the laser displacement sensor continuously decreases when the laser spot scans over the cutting edge. The height of the top of the cutting edge with respect to the reference surface can be obtained from the output of the displacement sensor at the moment when the light intensity output reaches to the maximum.
The same measurements were made when the laser displacement sensor was set at different Z-positions with respect to the test piece. As shown in Fig. 8 , the laser displacement sensor was mounted on a manual Z-stage. The Z-position of the displacement sensor was changed by the Z-stage. The displacement of the Z-stage was measured by a contact-type displacement sensor with a resolution of 0.1 μm. As can be seen in Fig. 10 , at each of the Z-positions, the displacement sensor was moved by the X-stage along the X-axis to scan across the cutting edge. The corresponding Z-position of the cutting edge top was determined from the displacement output of the laser displacement sensor when the light intensity output reached to its maximum. Figure 11 shows the measured results. The horizontal axis shows the output of the contact-type displacement sensor and the vertical axis shows the measured height position of the cutting edge by the proposed method. The residual errors of the result in Fig. 11 from a linear fitting are shown in Fig. 12 . It can be seen that the residual errors were smaller than 0.3 μm. 
Measurement of a rotary cutting tool
The cutting edge height of a rotary cutting tool was measured by the proposed method. Figure 13 shows a schematic of the experimental setup for the measurement. The rotary cutting tool was supported by two V-blocks mounted on an X scanning stage, which was driven by a servo-motor with a rotary encoder. The maximum stroke of the X scanning stage was 1 m. The moving distance of the X scanning stage could be measured by the rotary encoder. The rotation axis of the rotary cutting tool was coincident with X-axis. The laser displacement sensor was mounted on the stage base. Figure 14 shows a sectional profile of the rotary cutting tool. The tool had two identical cutting edges with the same height with respect to the side ring surfaces, which acted as the reference surfaces. The width of the ring surfaces was 20 mm, which was much larger than the diameter of the laser spot. On the other hand, the width of the cutting edges, which was approximately 30 μm, was smaller than the diameter of the laser spot.
The rotary cutting tool was moved by the X-axis stage so that the reference area and the cutting edge of the tool could be scanned by the laser displacement sensor. The scanning speed of the stage was 3 mm/s. The sampling interval was 0.3 μm. The straightness error motion of the X-axis stage was compensated by the reversal method (14) (15) . Figures 15 and 16 show the displacement outputs and the light intensity outputs of the laser displacement sensor during the scanning from the left side ring to the right side ring of the rotary cutting tool, respectively. As can be seen in Fig. 15(a) , the displacement outputs of the laser displacement sensor were almost constant on the two side rings. Figures 15(b) and 15(c) show the displacement outputs at the two cutting edge areas. As can be seen from the figures that the displacement output decreased linearly, which was consistent with the analysis result shown in Section 2 and the experimental results shown in Section 3.1. In Fig.  16(a) , the light intensity outputs show small changes in the areas of the side rings, which were caused by the variations of reflections on the surfaces. Figures 16(b) and 16(c) show the light intensity outputs at the cutting edge areas. It can be seen that the light intensities showed parabolic changes, which was consistent with the analysis result shown in Section 2 and the experimental results shown in Section 3.1. Figure 17 displacement sensors at the cutting edge area were fitted by the least square method for removing the influence of electronic noises in the outputs. The height of the cutting edge was obtained from the displacement output when the light intensity output reached to the maximum. The edge height was calculated to be 2.71 μm.
The rotary cutting tool was also measured by using a contact-type displacement sensor in comparison with the proposed method. The laser displacement sensor in Figure 13 was replaced by the contact-type displacement sensor. The rotary die cutter was moved by the X scanning stage so that the rotary cutting tool could be scanned by the contact type displacement sensor. The scanning speed of the X scanning stage was 1 mm/s. Fig. 18 shows the probe tip contacting with the cutting edge. The range of the displacement measurement was 0.8 mm. The sensor bandwidth was 20 Hz. Figure 19 shows the outputs of the contact type displacement sensor. The height of the left cutting edge was measured to be 2.6 μm, which was almost the same as that measured by the proposed method based on the laser displacement sensor. Figure 20 and 21 shows the experiment results obtained as different scanning speeds with the contact type displacement sensor and the laser displacement sensor, respectively. In the experiment, the rotary die cutter was scanned at four different scanning speeds. The scanning speeds were 1, 2, 3, and 4 mm/s, respectively. The scanning by each of the sensors was repeated ten times at each scanning speed. The measurement repeatability errors by the two sensors at each of the scanning speed were compared. As can be seen in Fig. 20 , the repeatability errors by the contact-type displacement sensor were 0.4 μm at 1 mm/s and 1.3 μm at 4 mm/s. The repeatability error at 4 mm/s was 3 times bigger than that at 1 mm/s. On the other hand In Fig. 21 , the repeatability errors by the laser displacement sensor were almost the same for all the scanning speeds, indicating the advantage of the noncontact measurement by the laser displacement sensor. 
Conclusions
This paper has proposed a new method to measure the height of the cutting edge with respect to a reference surface on the tool by using a laser displacement sensor. In this method, the use of the displacement output when the light intensity output reaches to the maximum enables to measure the height of cutting edge whose width is smaller than that of the laser spot. The measurement of a pin gauge and a test piece confirmed the basic performance of the proposed method. The experimental results of a rotary cutting tool have demonstrated the applicability of the proposed method for measurement of actual cutting tools. It has been verified that the repeatability of measurements by the proposed method was less than 0.5 μm for different scanning speeds ranging from 1 mm/s to 4 mm/s. 
